Retinoid-binding proteins are essential mediators of vitamin A function in vertebrate organisms. They solubilize and stabilize retinoids, and they direct the intercellular and intracellular trafficking, transport, and metabolic function ofvitamin A compounds in vision and in growth and development. Although many soluble retinoid-binding proteins and receptors have been purified and extensively characterized, relatively few membrane-associated enzymes and other proteins that interact with retinoids have been isolated and studied, due primarily to their inherent instabilities during purification. In an effort to identify and purify previously uncharacterized retinoid-binding proteins, it is shown that radioactively labeled all-trans-retinoic acid can be used as a photoaffinity labeling reagent to specifically tag two known retinoic acid-binding proteins, cellular retinoic acidbinding protein and albumin, in complex mixtures of cytosolic proteins. Additionally, a number of other soluble and membrane-associated proteins that bind all-trans-[11,12-3H]retinoic acid with high specificity are labeled utilizing the same photoaffinity techniques. Most of these labeled proteins have molecular weights that do not correspond to any known retinoid-binding proteins. Thus, photoaffinity labeling with all-trans-retinoic acid and related photoactivatable retinoids is a method that should prove extremely useful in the identification and purification of novel soluble and membraneassociated retinoid-binding proteins from ocular and nonocular tissues.
3H]retinoic acid with high specificity are labeled utilizing the same photoaffinity techniques. Most of these labeled proteins have molecular weights that do not correspond to any known retinoid-binding proteins. Thus, photoaffinity labeling with all-trans-retinoic acid and related photoactivatable retinoids is a method that should prove extremely useful in the identification and purification of novel soluble and membraneassociated retinoid-binding proteins from ocular and nonocular tissues.
Retinoid-binding proteins serve a myriad of important functions in vertebrate organisms. Cytosolic retinoid-binding proteins such as cellular retinol-binding protein I and II (1, 2) , cellular retinoic acid-binding protein (CRABP) I and II (3, 4) , and cellular retinaldehyde-binding protein (5) solubilize and stabilize retinoids within the cell. These proteins are thought to be involved in the intracellular control of vitamin A metabolism and function within the vertebrate visual cycle by virtue of their abilities to bind retinoids with high specificity and then to direct these protein-bound retinoids to key enzymes involved in their metabolic interconversions (for review, see ref. 6 ). Some of them also seem to mediate retinoid effects on growth and development by controlling the concentration of free retinoids within the cell (see ref. 6 ). Extracellular retinoid-binding proteins such as serum retinol-binding protein (7) , albumin (8) , and interphotoreceptor retinoid-binding protein (9) stabilize and target the transfer of retinoids between cells (for reviews, see refs. 10 and 11) . A third class of retinoid-binding proteins, the nuclear retinoic acid receptors RAR and RXR (12) (13) (14) , are essential mediators for the transcriptional activation of a number of genes involved in growth and differentiation (for review, see ref. 15 ). Finally, the various enzymes involved in retinoid metabolism and interconversion found in the retina, retinal pigment epithelium (RPE), and other tissues also fulfill the criteria for the retinoid-binding proteins by virtue of their capacities to bind retinoids as substrates, products, and inhibitors. These enzymes include rhodopsin (16, 17) , lecithin-retinol acyltransferase (18) , retinol dehydrogenases (19, 20) , retinaldehyde dehydrogenases (21, 22) , retinyl esterases (23) , and retinoid isomerohydrolase (24) .
The first three classes of retinoid-binding proteinscytosolic, extracellular, and nuclear-are all soluble proteins that have been extensively studied both on the protein and on the nucleic acid level. On the other hand, nearly all of the enzymes involved in retinoid metabolism are membraneassociated proteins that become highly unstable during the purification process. With the exception of rhodopsin (16, 17) , none of the other membrane-bound enzymes and proteins involved in vertebrate retinoid metabolism has been purified enough to allow for direct protein sequencing, nor have any of them been cloned. Considering the numerous important functions of retinoids and related compounds, it is imperative that new directions be taken to identify and purify retinoid-binding proteins, especially those that are membrane-bound.
Photoaffinity labeling is an important approach used for the identification and purification of novel receptors and enzymes (for review, see ref. 25) . Typically, in this technique, a photoreactive moiety is linked chemically to a receptor's ligand. Photoactivation of a bound radiolabeled photoaffinity reagent results in its covalent attachment to the receptor. The photolabeled receptor can then be purified with standard biochemical techniques by following the covalently bound radioactivity.
Interestingly, retinoic acid with its a,3-unsaturated carbonyl group and its highly conjugated polyene structure suggests that this ligand may be suitable for use as a photoaffinity probe without further modification (25) . In this paper, we demonstrate that radioactively labeled retinoic acid can be used as a photoaffinity reagent that will covalently and specifically tag retinoic acid-binding proteins in cytosolic or membrane extracts of ocular and nonocular bovine tissues. It is shown that not only does this photoaffinity technique successfully identify two known retinoic acid-binding proteins, albumin and CRABP, but that it also tags several other proteins in ocular and nonocular tissues that bind all-trans-retinoic acid with high specificity and whose molecular weights do not correspond to any previously reported retinoid-binding proteins. The dried protein samples were boiled in SDS/PAGE sample buffer containing 2-mercaptoethanol, and these samples were subsequently loaded and run with standard SDS/PAGE techniques. The gels were stained with Coomassie blue and then soaked in Fluoro-Hance (National Diagnostics). The dried gels were then used for fluorography at -80°C for 2-5 days. Gel densitometry was done on an LKB UltroScan XL system.
MATERIALS AND METHODS

Purification of Proteins Photolabeled with [3H]Retinoic
Acid. For each purification, 25 identical tubes were prepared according to the photoaffinity labeling technique described above. After photobleaching, the 25 samples were combined and extracted five to eight times using the Bligh and Dyer technique (26) . The aqueous extracts were dried under vacuum and then combined with additional unlabeled protein for a final total of 30-90 mg of protein. The cytosolic proteins were mixed with 0.1% Tween 80 and 2% pH 3-10 ampholytes (Bio-Rad) at a final volume of 55 ml, whereas the membrane proteins were dissolved in 1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) and 2% pH 3-10 ampholytes. In some membrane protein preparations, 5 M deionized urea was added to minimize protein precipitation. The samples were then subjected to preparative isoelectric focusing with the Bio-Rad Rotofor system for 4 hr at 40C at 12 W. Twenty fractions were collected, the pH for each fraction was determined by dipstick, and aliquots of 50-100 jLI were counted for radioactivity in Hydrofluor (National Diagnostics). Typically, two peaks of radioactivity would be present, one in the lowest pH fractions with very little protein (presumed to be unbound retinoid photoproducts that had not been completely extracted by chloroform/methanol) and a second peak that was usually in the pH 4-6 range. The fractions containing the radioactivity peak in the pH 4-6 range were combined and diluted to 55 ml with distilled water containing the original amounts of detergent and urea without adding any more ampholyte. A second, more narrow-range isoelectric focusing run was done as described above. In a few situations in which membrane proteins precipitated excessively after the first Rotofor run, a single isoelectric focusing run using 1.5% pH 4-6 ampholytes was substituted.
After the final isoelectric focusing run, the fractions containing each peak of radioactivity were combined, concentrated, and added to SDS/PAGE sample buffer containing 2-mercaptoethanol. Preparative SDS/PAGE was performed using a Bio-Rad model 491 system according to the manufacturer's instructions. Fractions of 5 ml were collected, and 500-gl portions were counted for radioactivity. Silver-stained SDS/PAGE gels were prepared on samples from the fractions in the regions containing peaks of radioactivity to assess protein purity and molecular weight.
Immunoblot Analysis of Purified Proteins. Immunoblot analysis was done when the identity of a purified protein was suspected on the basis of tissue distribution and molecular weight. One to 3 ml of the purified protein fractions was concentrated, subjected to SDS/PAGE, and then transblotted to nitrocellulose. After blocking the membrane with Blotto (Pierce), the primary mouse monoclonal antibody was applied overnight at a 1:5000 dilution. A secondary goat anti-mouse antibody conjugated to horseradish peroxidase (Amersham) was used for 1 hr at a 1:5000 dilution, and detection was by the Amersham enhanced chemiluminescence (ECL) system.
RESULTS
Photolabeling of Bovine Serum Albumin (BSA) with All- (Fig. 2) . Neural retina cytosol had a strongly labeled band at 16 kDa, a moderately labeled band at 23 kDa, and a lightly labeled band at 55 kDa that was also present in brain. RPE demonstrated a strongly labeled band at 28 kDa that was also present in abundance in testis and to a lesser extent in a variety of other tissues. A number of tissues had moderately and weakly labeled soluble proteins at 56-66 kDa and in the 14-to 16-kDa region.
Labeling of the membrane proteins revealed a larger variety of labeled bands. The ocular membrane extracts were notable for intense labeling of proteins at 33 kDa in the RPE and at 35 kDa in the neural retina. Moderate labeling of proteins in the 23-kDa range was noted in both ocular and nonocular tissues. A 31-kDa protein band was strongly labeled in heart and brain membranes and to a lesser extent in most other tissues. Liver membranes had at least seven strongly and moderately labeled bands spanning a wide range of molecular masses.
Binding Specificities of Photolabeled Retinoic Acid-Binding Proteins in RPE. RPE cytosol and membranes were unlabeled in the absence of light, whereas heating the tissue extracts before photolabeling led to variable losses of labeling, suggesting that some binding sites may be relatively resistant to thermal denaturation (Fig. 3) . Incubation with a 10-and 50-fold molar excess of nonradioactive all-trans-retinoic acid before light exposure led to a progressive loss of photolabeling of the radioactive protein bands. Typically, 40-80% of labeling (as measured by densitometry) was inhibited by the 10-fold molar excess of the two isomers, and >90% of the labeling was inhibited by 50-fold excesses. The binding of alltrans[3H]retinoic acid appeared quite stereospecific, as evidenced by the relatively poor ability of even a 50-fold excess of 13-cis-retinoic acid to block binding of the radioactive ligand (0-46% inhibition of labeling of the indicated protein bands).
Incubation with a 10-to 50-fold excess of all-transretinaldehyde did not diminish labeling of any of the protein bands. Further, more quantitative studies of the binding specificities are anticipated as these labeled proteins are identified and purified. and preparative SDS/PAGE on a 17.5% gel (Fig. 4A and B) .
A protein band of 16 kDa was present at the peak of radioactivity (Fig. 4C) . Immunoblot analysis against a monoclonal antibody to bovine CRABP [mouse monoclonal antibody C-1 (27) , from John C. Saari, University of Washington, Seattle] was strongly positive (Fig. 4D) .
DISCUSSION
The diverse functions of retinoids within the visual cycle and with respect to growth and differentiation are mediated by a variety of binding proteins. Although many of these proteins have been studied in extraordinary detail at the protein and genetic level, there are undoubtedly more to be discovered and characterized. It has been especially difficult to purify and study the membrane-bound proteins that interact with retinoids, due to their inherent instability. Until more of these retinoid-binding proteins are identified and isolated, our understanding of the molecular mechanisms of retinoidmediated gene regulation will proceed frustratingly slowly. Also, unless the various enzymes of retinoid metabolism within the eye are purified enough to allow protein and genetic sequencing, their molecular mechanisms of action and their roles as "candidate genes" for retinal degenerations cannot be adequately explored.
Photoaffinity labeling provides an alternative approach for the identification and purification of retinoid-binding proteins that avoids some of the problems encountered in the isolation of retinoid-binding proteins by standard biochemical means. Native conformation and function of the proteins in question need not be preserved once the radioactive ligand has been photochemically attached to the protein-an especially im-A 20 -7 portant factor if one desires to purify labile membrane proteins. This result means that powerful but strongly denaturing [f16 6 purification schemes, such as "two-dimensional" preparative isoelectric focusing combined with preparative SDS/PAGE, 12 l l l l l l l r~_ ; t can be used simply by following covalently bound radioactivity 15 17 19 gests that it should be easily activated with a laboratory 1f3a5t7o9 11 1 15 7 19long-wave UV source (25) . The active sites of rhodopsin and fraction bacteriorhodopsin have been photoaffinity labeled with pho-B 400 toactivatable synthetic retinoids (29) (30) (31) , and the photoaffinity BPB labeling of CRABP has been described by using azido-300 substituted aromatic retinoic acid analogs (32 (Fig. 4) (Fig. 3) .
The purification strategy used to purify labeled CRABP D The fact that retinoic acid can be used as a photoaffinity labeling reagent by itself suggests that it might be of more general use as a photolabeling probe. Typically, aryl azides, diazo-containing compounds, and benzophenone analogs are used (see ref. 25 ). These molecules all form reactive free radicals upon photodecomposition. The retinoic acids are readily available in highly radiolabeled forms, are relatively stable, and can be easily adducted to a variety of ligands. It is presumed that free radical species, as well as photooxidation products such as the 5,6-epoxide, are formed when retinoic acids are photodecomposed, although the actual mechanism by which retinoic acid is photochemically linked to proteins remains to be investigated. It is likely that retinoic acid photolabeling will be most effective when targeted against hydrophobic sites.
The photoaffinity labeling technique described here should be applicable to a number of other physiologically and pharmacologically relevant retinoids and related compounds such as retinaldehyde and 13-cis-retinoic acid. Also, investigation of the actual site of linkage of the radioactive ligand may reveal information on the binding pocket for retinoids on these proteins. Finally, the ability of retinoic acid and similar photoactivatable retinoids to bind to proteins covalently under intense light conditions may be a relevant factor in the pathogenesis of age-related macular degeneration as well as of cutaneous photosensitization (34) and cataracts (35) induced by retinoic acid and related substances.
